Observation of room temperature saturated ferroelectric polarization in Dy substituted BiFeO 3 ceramics 3 (BFO) precursor powders at a low temperature of 780 C. The magnetic properties of BFO were improved by the introduction of Dy on the Bi-site. More importantly, well saturated ferroelectric hysteresis loops and polarization switching currents have been observed at room temperature. A large remnant polarization (2P r ) value of 62 lC/cm 2 is achieved, which is the highest value reported so far for rare-earth-doped BFO ceramics. Moreover, mechanisms for improved multiferroic properties depending on chemical doping-caused structure evolutions have also been discussed. Multiferroic materials exhibit multiferroism and magnetoelectricity, pointing to multifunctional applications. Such materials offer extra degrees of freedom in the design of new functional devices, which may either simplify the operation of present device structures or offer new architecture. 1, 2 In recent years, multiferroic materials have been extensively studied for pursuing their possible technical applications, including spintronics and multiple-state memories. [3] [4] [5] Besides, the interest in multiferroics is stimulated by the enthusiasm of exploring the fundamental physics leading to multiferroism and the rich phenomena arising from coupling between magnetic and ferroelectric orderings. 5, 6 However, the naturally existing ferroelectromagnetic materials are rare, due to the mutually exclusive nature of magnetism and the electric polarization phenomenon in most solids. 4, 7 Furthermore, the vast majority of compounds in which ferroelectricity and magnetism are coupled have low ordering temperatures, and a room temperature (RT) operation has not been demonstrated yet. As a special case, BiFeO 3 (BFO) is a rhombohedrally distorted perovskite with space group R3c at RT and well known for its high ferroelectric Curie (T C $ 1103 K) and antiferromagnetic Néel (T N $ 643 K) temperatures. 2, 8 Incidentally, BFO shows the ferroelectricity arising from Bi 3þ lone-pair 6S 2 , while not of the magnetic origin. The critical drawbacks of this material, however, is its antiferromagnetic nature and low electrical resistivity. 9, 10 So synthesis of multiferroic materials possessing simultaneously ferroelectric and ferromagnetic properties is still an interesting, but challenging subject.
As proved previously, 9 BFO has a G-type antiferromagnetic structure, which is cycloidally modulated with a long periodicity of 62 nm. Recent recognition of the possibility to enhance magnetic properties of BFO by inducing lattice distortion, which may cause collapse of spiral spin structures in BFO, has motivated numerous significant studies. [11] [12] [13] [14] [15] However, the RT ferroelectricity in bulk BFO still raises many questions. Some BFO-based ceramics have been considered to exhibit weak ferromagnetism and ferroelectricity simultaneously, [12] [13] [14] [15] [16] [17] but supporting evidences for ferroelectric properties are mostly indirect characteristics. The most indisputable means to substantiate the ferroelectric properties of a material is to measure its polarization hysteresis loops. Yet to get a clear polarization loop in bulk BFO without any effects of extrinsic parameters is usually difficult, because the synthesized samples are always too conductive. It has been proposed that the leakage behavior in the material is mainly caused by the volatile nature of Bi, which will lead to the formation of oxygen deficiency and Fe 2þ . 18, 19 Up to now, there have been only a few reports on RT-saturated ferroelectric hysteresis loops for BFO-based ceramics. 14, 15 In the present investigation, high quality Dy substituted BFO ceramics have been prepared by sintering the corresponding precursor powders at 780 C. The sintering temperature is greatly decreased by comparing it with that used in traditional solid state reaction methods (usually beyond 850 C [Refs. [11] [12] [13] [14] [15] [16] [17] ) and even lower than the melting point of Bi 2 O 3 (which melts at a temperature slightly above 800 C [Ref. 20] ). By using this low temperature sintering technique, high quality Bi 1Àx Dy x FeO 3 ceramics have been achieved with their excellent RT ferroelectric and weak ferromagnetic properties. Moreover, the mechanisms for improved magnetism and electric properties in Bi 1Àx Dy x FeO 3 ceramics, depending on chemical doping--caused structure evolutions, have also been investigated.
II. EXPERIMENTAL PROCEDURES
The precursor powders of Dy-substituted BFO were prepared by a microwave-assisted sol-gel self-combustion method using analytical reagent-grade bismuth nitrate [Bi(NO 3 stoichiometric amount of Dy 2 O 3 was dissolved in certain diluted nitric acid under constant stirring. Next, bismuth nitrate together with ferric nitrate in a proper mole ratio was also dissolved in the above solutions. Then, glycine was added as fuel. Subsequently, the resulting homogeneous solution was put into a 1000 -W microwave oven for autoignition experiments, resulting in the formation of voluminous powders. Afterwards, the obtained precursor powders were pressed into disk samples (11 mm diameter, $1 mm thickness) after grounding in an agate mortar for a moment. Finally, the pressed samples were annealed at 780 C for 2 h in air. The sintering will result in compact ceramics, with an average density value of $7.6 g/cm 3 , which is about 91% of the theoretical value of 8.33 g/cm 3 . It is worth noting here that the annealing temperature is much lower than that in a traditional solid state reaction method (usually higher than 820 C). Here, we denoted the samples as S1, S2, S3, and S4 according to composition Bi 1Àx Dy x FeO 3 , with x ¼ 0, 0.05, 0.1, and 0.15, respectively. The crystal structure identification was examined by an X-ray diffraction (XRD) machine with Cu Ka radiation. The magnetic measurement was performed on a vibrating sample magnetometer in a physical properties measurement system (PPMS). Polarizations, displacement currents, and leakage measurements were investigated at RT using a ferroelectric test system (TF Analyzer 2000, aixACCT). Before the ferroelectric and leakage behavior measurements, the sintered disk samples were polished down to 0.2-mm thickness and then sputtered with Pt electrodes for the corresponding studies.
III. RESULTS AND DISCUSSIONS
Figure 1(a) shows the XRD patterns for all the samples. It can be seen that the reflection peaks in the traces of pure compound (S1) can be successfully indexed as a rhombohedral distortion perovskite structure with a space group of R3c. In the case of doped samples, the spectra collected for S2 and S3 still can be indexed using the rhombohedral cell. However, the XRD pattern of S4 mainly shows an orthorhombic DyFeO 3 -like profile (space group Pnma). 11, 12 Note that no trace of other impurity phases can be detected for all ceramics. From Fig. 1(a) , it is clear that, with increasing Dy content up to 0.1, the relative diffraction intensity of the (104) peak decreased, whereas that of the (110) one increased. Meanwhile, some diffraction peaks coming from rhombohedral R3c structure, such as the (006) diffraction peak, become weak with the increase of x and tend to disappear near x ¼ 0.1. The magnified patterns in the vicinity of 2h ¼ 32 are shown in Fig. 1(b) , which shows that the (104) and (110) reflections are clearly separated in pure sample (S1), but the reflections shift to large angles and partially overlap with increasing Dy content up to 0.1. The large angle shift indicates that the unit cells in these samples are shrinking, which may be explained by the fact that the ionic radius of Dy 3þ is smaller than that of Bi 3þ . 21 Further increase in Dy content to 0.15 gives an obvious structure transformation from rhombohedral to orthorhombic. The XRD results confirm that the substitution of Dy into the Bi site in BFO will lead to changes in lattice parameter and crystal structure.
The spin cycloid of BFO is correlated to its R3c structure. Therefore, it is deduced that the lattice distortions might destruct the inhomogeneous spin structure. To study the magnetic behaviors in these samples, Fig. 2 panels (a)-(d) plot the RT magnetization hysteresis (M-H) loops of S1, S2, S3, and S4, respectively. The strikingly enhanced magnetic properties by Dy substitution are observed in the figure, similar to the magnetization evolutions caused by other rare-earth ion A-site doping. [13] [14] [15] [16] In contrast to the typical antiferromagnetic S1, with an almost linear magnetic field dependence of the magnetization, S2 exhibits a weak ferromagnetism, with a small remnant magnetization (M r ) value of 0.021 emu/g. With further increasing substitution content, the corresponding M r values are 0.213 and 0.313 emu/g for S3 and S4, respectively. In addition to the improved remnant magnetization by Dy substitution, the M max (magnetization at 7 T) value is also increased. The magnetization enhancement in Dy-substituted samples can be attributed to the collapse of the space-modulated spin structure. As illustrated in Fig. 1 , the changes in lattice parameters and crystal structure give evidence for continuing collapse of the spiral spin structure.
The polarization versus applied electrical field (P-E) loops for each sample under various driving electric field with the fixed frequency of 100 Hz are depicted in Figs. 3(a)-3(d) , respectively, while the corresponding polarization current dependence on the electric field is also plotted along with each P-E loop using dot dashed lines in Figs. 3(a)-3(d) . The double remnant polarization (2P r ) value of 21 lC/cm 2 is obtained for S1 at a maximum applied electric field of 160 kV/cm. However, note that freely movable charges appear to contribute significantly to the electrical hysteresis loops, as manifested by the rounded features of the loops, which means that the electrical leakage is still severe in S1. In contrast, the room temperature P-E response shows well square P-E loops for S2 and S3 ceramics, and the samples are not subjected to dielectric breakdown, even at the maximum applied electric field of 200 kV/cm. With this maximum driving field, the measured 2P r values are 62 and 43 lC/cm 2 , while the coercive fields are 120 and 130 kV cm À1 for S2 and S3 ceramics, respectively. Importantly, the 2P r values obtained in S2 and S3 ceramics are significantly higher than the highest values reported so far for rare-earth-doped BFO bulk ceramics. 14, 15, 22 However, it seems difficult to induce polarization reversal if the substitution content is too high, and the P-E loops of S4 are far from saturation with the maximum applied field of 200 kV/cm.
As the applied electric field is ramped to the coercive electric fields for both S2 and S3, the displacement currents depicted with dot dashed lines in Figs. 3(b) and 3(c) exhibit a sharp increase, demonstrating the occurrence of ferroelectric switching in these ceramics. Furthermore, the ferroelectric switching-induced abrupt current peaks are rather symmetric with respect to the voltage polarity. Yet, even displacement current shows an increase trend in S1; the current peaks are not observed probably due to the low electric breakdown field and the large leakage current of pure BFO. The low electric breakdown field may restrict the switching of ferroelectric domains, and the large leakage currents will overlay the domain switching current. Similarly, the current peaks and even dielectric breakdown do not occur in S4 with the maximum driving electric field of 200 kV/cm either, probably revealing the poor ferroelectric properties of S4 ceramics. It is well known that the polarization within the domains can be switched by an applied external electric field. Polarization switching in BFO is especially important, because it might also switch the antiferromagnetic/ferromagnetic orientation, which is necessary for magnetoelectric coupling. 23 These observed saturated P-E loops and successful ferroelectric switching in weak ferromagnetic Bi 1Àx Dy x FeO 3 ceramics may imply that decent BFO ferroelectromagnetic materials can be achieved by moderate Dy substitution.
Electrical properties of the ceramics were also determined. Figure 4 describes the electric field dependence of leakage current density (J-E) at RT. Under the same test electric field, the Dy-substituted BFO has a smaller leakage current density than the pure BFO, and the smallest leakage current density is obtained in the sample with 10% Dy. When the test electric field equals to 20 kV/cm, for example, the leakage current densities of S3 is 5.2 Â 10 À6 A/cm 2 and the value of resistivity is evaluated to be 6.62 Â 10 9 X cm, suggesting highly insulating characteristics of the sample at RT.
To measure the saturation polarization for ferroelectric materials, high quality samples with low conductivity are required to suffer high electric fields. A notorious problem in BFO is the volatilization of Bi, which will lead to the deviation from oxygen stoichiometry, thus creating oxygen vacancies and inducing valence fluctuation of Fe (þ3 to þ2 state) ions, 18, 19 resulting in high conductivity. The low sintering temperature of 780 C is beneficial to avoid this stoichiometry deviation, but not sufficient to get high quality ceramics, because that pure BFO (S1) is still very leaky and shows antiferromagnetic character. With the fabrication technique developed in this work, Dy substitution can further decrease leakage current density and simultaneously suppress the antiferromagnetic spin structure in BFO. As a result, well-saturated ferroelectric hysteresis loops and obviously improved magnetic properties are observed in our Bi 1Àx Dy x FeO 3 ceramics.
Due to the exact measurements of magnetization and saturated polarization hysteresis loops, mechanisms for improved multiferroic properties depending on chemical doping-caused structure evolutions have been discussed. In the Bi 1Àx Dy x FeO 3 system, it is clear that low concentration substitution only induces lattice parameter changes, while high concentration substitution will finally give rise to a structure transition from rhombohedral to orthorhombic. The lattice distortions result in collapse of spiral spin structures in BFO, which is responsible for the greatly increased magnetization in the substituted ceramics. In addition, Dy substitution is beneficial for decreasing the leakage behavior in the material. Low leakage current density, well-saturated polarization loops, and excellent ferroelectric switching are observed in the 5% and 10% Dy-substituted BFO ceramics, suggesting that the magnetic and ferroelectric properties of BFO can be simultaneously improved through Dy substitution. Yet too much substitution will degrade the ferroelectricity of the material, as evidenced in S4; the material displays no ferroelectric switching. We infer that this results from two main reasons: Firstly, a dominant orthorhombic structure occurs for S4 with 15% Dy substitution. The orthorhombic structure is more centrosymmetric, which, in principle, does not allow ferroelectricity. 21, 24 Therefore, it is much more difficult to induce polarization in S4, and a smaller electrical polarization is expected, even under an ultrahigh poling electric field. Secondly, it is well known that the A-site Bi ions via the 6S 2 lone-pair mechanism leads to the ferroelectricity in BFO, so the substitution of Bi 3þ with Dy 3þ will weaken the stereochemical activity of the lonepair, due to the spherical distribution of electron density in rare-earth Dy 3þ ions. 24 This feature is potentially consistent with the hypothesis proposed by Catalan and Scott; 25 the substitution of Dy 3þ can be regarded as turning off the lonepair activity of Bi 3þ (i.e., turning off the ferroelectricity), which will ultimately degrade the spontaneous polarization in the material.
IV. CONCLUSION
In summary, BFO ceramic samples with different amounts of Dy substitution have been synthesized and characterized. It is found that the substitution of Dy causes noticeable lattice distortions of the ceramics. Besides the obviously improved magnetic properties, we show here that Dy-substituted BFO has high enough resistivity for us to measure the clear polarization loops at RT. The coexistence of ferromagnetism and ferroelectricity has been confirmed in the BFO ceramics with 5% and 10% Dy, which suggests that doping of rare earth elements is important, not only for magnetic improvement, but also for ferroelectric enhancement, and namely important for overall multiferroic improvement.
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